Study design and objectives: Case report and review of supernumerary phantom limbs in patients suffering from spinal cord injury (SCI). Setting: SCI rehabilitation centre. Case report: After a ski accident, a 71-year-old man suffered an incomplete SCI (level C3; AIS C, central cord syndrome), with a C3/C4 dislocation fracture. From the first week after injury, he experienced a phantom duplication of both upper limbs that lasted for 7 months. The supernumerary limbs were only occasionally related to painful sensation, specifically when they were perceived as crossed on his trunk. Although the painful sensations were responsive to pain medication, the presence of the illusory limb sensations were persistent. During neurological recovery, the supernumerary limbs gradually disappeared. A rubber hand illusion paradigm was used twice during recovery to monitor the patient's ability to integrate visual, tactile and proprioceptive stimuli. Conclusion: Overall, the clinical relevance of supernumerary phantom limbs is not clear, specific treatment protocols have not yet been developed, and the underlying neural mechanisms are not fully understood. Supernumerary phantom limbs have been previously reported in patients with (sub)cortical lesions, but might be rather undocumented in patients suffering from traumatic SCI. For the appropriate diagnosis and treatment after SCI, supernumerary phantoms should be distinguished from other phantom sensations and pain syndromes after SCI.
Introduction
Following lesion of the central nervous system, phantom sensations may be reported beyond that of typical sensory deficits (that is, hypo/anesthetic and analgesic dermatomes) or pain syndromes (negative symptoms), but rather as peculiar sensory 'positive symptoms' (Figure 1 ; for review, see Ramachandran et al. 1 ). In cases of spinal cord injury (SCI), these symptoms range from non-painful referred sensations, phantom limb sensations, and position illusions to disabling and, sometimes, persistent conditions of phantom limb pain in deafferented areas of the body. 2 After peripheral nerve lesions, like in limb amputation, phantom sensations may be felt similar to the phantom phenomena experience of SCI, and be reported as either painful or nonpainful perceptions. 1 After SCI, the dissociation of painful and non-painful phantom sensations (that os, phantom limb illusions) from neuropathic limb or whole-body pain syndromes (that is, bilateral neuropathic pain of the buttocks and lower limbs in deafferented areas of the body) is important for appropriately treating sensory deficits.
Besides these sensory alterations in lost or deafferented limbs, the appearance of additional, 'supernumerary' limbs is a well-known phenomenon in central nervous system disorders. Such illusions of additional body parts are frequently reported after cortical damage [3] [4] [5] [6] or subcortical lesions. 7, 8 The dissociations between motor intentions and executive abilities may lead to apparently bizarre and 'alien' behavior of the supernumerary limb. [9] [10] [11] In contrast, supernumerary limb sensations represent a rather rare phenomenon after SCI. However, such a condition may be underreported, due in part to a combination of unawareness on the clinicians' behalf and a patient's reluctance to report something so unusual. Here, we report about a patient with an incomplete quadriplegia after traumatic SCI, who developed a phantom duplication of the upper limbs. The course of the supernumerary phantoms of this individual case will be reviewed in relation to that known from other neurological disorders in general and in SCI in particular.
Case report
A 71-year-old man was involved in a ski accident resulting in an acute SCI due to cervical hyperextension. Apart from an uneventful total hip joint replacement due to arthritis 1 year before the injury, previous medical history had been bland (no previous medication).
The major spine trauma consisted of a C3/C4 discoligamental disruption and a fracture of the processus spinosus of the fourth cervical vertebra. Furthermore, there was a dissection of the left vertebral artery without obvious neurological sequel like dysphasia, dysarthria, or any other brain stem symptoms (including dysmetric and ataxic movements) and a fracture of the nasal bone. On the day of injury, a ventral spondylodesis with the use of H-plate after C3/C4 discectomy and an autologous spongiosa plastic at level pain at level pain Figure 1 Distribution and relative frequency of symptoms regarding sensory deficits and pain syndromes (a, negative symptoms) and additional sensory perceptions (b, positive symptoms).
Supernumerary phantom limbs
A Curt et al was performed. The patient was ventilator-dependent for 2 weeks post operatively. Neurologically (according to the International Standards for Neurological Classification of spinal cord injury), the patient suffered an incomplete and eventually spastic quadriplegia level C3. 12 Initially, the upper extremities motor score was 0 and the lower extremities motor score was 2. These scores improved to 31 and 46, respectively, at the end of rehabilitation, that is, 8 months. By clinical standards, the impairment was most severely affecting the upper limbs, thus corresponding to a diagnosis of central cord syndrome. Total light touch and pin prick scores were initially at 56 and 62, respectively, and remained rather unchanged on follow-up. Somatosensory evoked potentials were initially abolished for the ulnar nerves and recordable, but severely deteriorated for the tibial nerves. Follow-up recordings at 3 and 6 months after injury revealed an improvement of all Somatosensory evoked potentials, but the latencies remained severely delayed ( Figure 2 ). Motor nerve conduction studies of the ulnar and tibial nerves revealed no signs of peripheral neuropathy, but slightly reduced amplitudes of the ulnar nerves, corresponding to a mild alpha-motoneuron lesion (ventral horn damage). The nerve conduction studies of the tibial nerves remained normal.
Neuro-imaging 3 and 7 months after the injury of the cervical cord showed a well-defined post-traumatic cyst at the level C3/C4 that remained stable between examinations ( Figure 3 ). The MRI of the brain was without any pathological findings.
Phantomsensations appeared on day 7 after trauma and primarily consisted of an illusory additional pair of upper limbs originating from the shoulder joints and extending at normal length laterally to the patient's paralyzed arms. These sensations changed during the course of the day, hardly noticeable in the morning and perceived with increasing vividness during the afternoon and evening. The sensations of the phantom limbs depended on body posture; most prominent in a horizontally reclined position and rarely present during sitting. Regardless, the supernumerary arms were not usually associated with pain and the patient was not complaining about any neuropathic pain within the upper limbs. When the supernumerary phantom arms were experienced, the patient was not able to remove them completely from his trunk or to make them disappear. When trying actively to touch the phantom limb with his real limbs, the phantom limb would move away in the same direction and always parallel to the real limb. The supernumerary phantoms were never visualized. Looking at the place where they were experienced did not diminish the phantom percept. At times, the phantom arms were not experienced as parallel to the real arms, but were felt to be crossed over the trunk. This sensation was very vivid, always disagreeable to the patient and, occasionally, painful. During such periods of painful sensations, the administration of morphine (5 mg subcutaneous injection) reduced the pain intensity but did not change the posture of the illusory limbs. The same was true for a variety of non-steroidal antiinflammatory drugs and neuropathic pain medications (that is, pregabalin).
During the course of recovery, that is parallel to the improvement of motor (and less so of sensory) functions, the breach-off, size and vividness of the phantom limbs changed. Initially after SCI, the point of origin had been the shoulder joints and the patient felt the left phantom limb more intense than the right. By 4 months, only phantom forearms originating at the elbow joints were reported, and by 5 months after injury, a mere pair of phantom hands protruded from the wrists and the right phantom hand was now more vivid than the left. In general, the intensity of phantom sensations had weakened over the 5 months since the SCI and by 7 months, the left phantom hand sensations had completely subsided and the awareness of the right phantom hand was still fainter. At discharge, 8 months after the SCI, the patient reported no illusory limb sensations.
A rubber hand illusion (RHI)paradigm was applied to assess the patient's illusory displacement of his initial 6 months 3 months Ulnar ri Tibial ri Figure 2 Follow-up recordings of ulnar and tibial nerve somatosensory evoked potentials (only right site displayed) initially after injury until 6 months disclosing a significant recovery of spinal cord function.
A Curt et al touched hand. In the RHI, tactile stimulation is provided simultaneously to the same location on a participant's invisible hand and visible rubber hand (see Figure 4 ). The visual observation of a rubber hand being touched at a corresponding location to the real hand leads to a proprioceptive drift towards the rubber hand. Ultimately, the real hand of the participant appears to be displaced towards the visible rubber hand. 13, 14 Based on our clinical findings, we predicted enhanced illusion susceptibility because of the breakdown in proprioceptive-tactile integration, presumably at the basis of the supernumerary phantom limbs. The local Ethics Committee had approved the study and informed consent was obtained from the patient before testing. It was repeated in identical form 3 months from the initial examination. At both test times, the critical illusion-inducing condition (synchronous visual-tactile stimulation) was accompanied by a control condition (asynchronous stimulation). In the control condition, owing to asynchronous stimulation, an illusion should not be reported.
13-16
The patient was tested in a sitting position, in which he hardly ever reported experiencing phantom sensations (see Figure 4 for the set up). Both arms were stretched out, and the right hand was covered from his view. A right rubber hand was placed in the same orientation 20 cm to the left of the patient's real right hand, and the patient was requested to observe the examiner brush the rubber hand. Before the illusion induction procedure, it was established that touch to the patient's hand alone (that is, without visual observation of touch) could be reliably detected.
Illusion strength was quantified by measuring proprioceptive drift and by the patient's responses to a brief questionnaire, according to published standards. 13, 14 Proprioceptive drift was assessed by having the patient indicate the felt position of his invisible middle finger by means of rulers with arbitrary scaling (four trials before and after each of the two conditions). The questionnaire required the patient to provide a Likert-type rating (-3 for 'strongly disagree' to þ 3 for 'strongly agree') to three critical and six control questions as introduced by Botnivick and Cohen. 13 On first testing (4 months after SCI), the patient reported the sudden appearance of his right phantom arm a few minutes after onset of the vision-touch procedure. Testing was nevertheless continued in a standard way, but the assessment of proprioceptive drift and questionnaire data was not possible as the location of the right hand was felt in front of the patient's chest (the usual position of his supernumerary phantom limb). The occurrence of the supernumerary phantom limb was of particular interest given that the patient was sitting. The phantom hand was felt throughout the RHI paradigm (not only during observed touch of the real hand), but disappeared within seconds after removing the rubber hand. No left phantom arm was felt during the procedure.
On second testing (7 months after SCI), identical RHI testing conditions did not elicit the emergence of a supernumerary limb during testing procedures, and consequently, 
Discussion
In patients suffering from SCI, the occurrences of referred and phantom sensations are mainly reported when associated with pain. The overall incidence of non-painful phantom sensation is probably underreported, owing in part to the absence of standardized clinical assessment protocols for diagnosis and follow-up observation. Although patients with SCI might be seriously bothered by these mis-sensations, the underlying mechanisms of supernumerary limbs are not fully disclosed and standardized treatment protocols are not available.
Painful phantom sensations in SCI
Phantom sensations accompanying pain is well recognized in patients suffering from SCI, and neuropathic pain syndromes represent one of the most disabling sequels of SCI. [17] [18] [19] In such conditions, SCI patients otherwise with complete loss of sensory input (proprioception, thermoception and nociception) can suffer severe pain within the dermatomal boundaries of deafferented limbs. The incidence and prevalence of neuropathic pain syndromes in distinction to musculoskeletal pain syndromes have been studied in patients suffering from both incomplete and complete chronic SCI. 20 Consistent with clinical experience, these studies confirmed that neuropathic pain syndromes are rather long lasting (often persist over many years), and, in general, difficult to treat. 21 Phantom limb sensation can range from 'non-painful to an awkward experience of the limb' and even 'a continuous severe painful sensation'. 22, 23 Some of these sensations in SCI can manifest themselves very similarly to those in patients after lower limb amputation. However, prospective studies specifically interested in the occurrence and course of phantom pain sensation have rarely been performed in SCI. Based on clinical experience, the incidence seems to be significantly higher in amputees, more than 80% of whom report some kind of phantom sensation mainly associated with a pain syndrome. 24 Non-painful phantom sensations in SCI Painful phantom sensations should be distinguished from non-painful phantom sensations, like illusory limb position and limb sensation that are much less frequently reported in SCI. In contrast to amputees, SCI patients rarely report perceived morphological changes (deformation and telescoping) of their phantom limbs. Nevertheless, the occurrence of phantom limbs in patients suffering from spinal cord disorders has been well established already in the middle of the last century. 19, 25 Onset of unilateral phantom limb sensation in chronic traumatic SCI patients, who were undergoing unilateral limb amputation for the treatment of non-healing bone infections (2.5-4 years after injury), has been previously described in two patients. 26 Bilateral lower limb phantom sensations have also been reported in a nontraumatic SCI patient suffering from transverse myelitis (a supra spinal involvement was not evident by clinical means and brain MRI 27 ), who experienced rather static phantoms, like crossed legs or, occasionally, postural peculiarities (for example, standing on tiptoes). In one case study, a female patient suffering from transverse myelitis D2-D4 described phantom limb sensation and movements of only the right leg. 28 These symptoms were transiently present for about 7 days and eventually the spinal deficits partially disappeared over a period of approximately 4 months. In this patient, MRI of the brain was unremarkable and during follow-up exams over a period of about 3 years no further neurological symptoms (that is, no potential signs of multiple sclerosis) were observed. Position illusions 29 are specific phantom sensations presenting as rather static limb positions. These position illusions can last for years after injury and be associated with pain, but mostly leave the complete paraplegic patient with the impression that the limb is 'frozen' in a given position, often as they experienced at the moment of injury. These impressions can be suppressed by vision, but may reoccur spontaneously. They have been described only rarely in the literature and their clinical relevance remains unclear.
Supernumerary phantom limbs in SCI
Beyond phantom limb sensation is the experience of additional limbs, either as single limbs (upper or lower limb) or even as a pair of limbs. These phantom sensations are referred to as supernumerary limbs. Frequently observed in patients suffering from brain disorders, [3] [4] [5] [6] 9 supernumerary limbs have only rarely been reported in SCI patients, and predominantly described after incomplete quadriplegia. However, the first description of supernumerary limbs in traumatic SCI 30 involved the case of a C5 complete SCI patient reporting an extra pair of legs. More, specifically, the patient experienced tied-up legs with a relaxation after passive leg movements. In 1989, a comparable case of supernumerary limb experience was reported in a 64-yearold male patient sustaining a traumatic (that is, traffic accident) incomplete SCI (that is, quadriplegia) subsequent to a petit mal seizure. 31 After recovery from the initial medical complications, the patient felt that another pair of upper and lower limbs had grown from his body, which eventually disappeared after about 2 months. Although the authors discussed a number of different aetiologies, obviously the mechanisms related to the supernumerary limb symptoms in this case is confounded by both the apparent seizure disorder and potential sequel of head injury incurred in the accident. Furthermore, their speculation about 'wishful thinking' and a long hospitalization as a potential cause of the phantoms seems unwarranted in light of more recent clinical data. In the literature on nontraumatic spinal cord damage, only two further case studies could be identified. They concerned two patients, both suffering from a high cervical intramedullar ependymoma, with unilateral supernumerary arms emerging after surgery. 32, 33 In one case, the supernumerary phantom limb persisted over several months, and, interestingly, both patients presented clinically with incomplete focal spinal cord damage without evidence of brain involvement. Supernumerary limbs in distinction to the alien hand syndromes do appear as a rather static sensation and less dynamic illusions of compulsive limbs with uncontrolled movements. 34 In contrast, alien hand syndrome is characterized by involuntary, uncontrollable and purposeless movements that, to our knowledge, have not been reported in patients with quadriplegia. 35 Mechanisms underlying phantom sensations and supernumerary phantom limbs Physiological kinesthetic illusory limb movements can be induced in healthy subjects (for example, by tendon vibration), and activate complex sensory-motor networks (as assessed by functional MRI activation of cortical and subcortical areas) with a limb specific somatotopic representation similar to real movements. 36 Phantom limb sensations after traumatic amputation are assumed to originate within the central neural networks inducing these sensations. 37 The development of phantom pain, in contrast to non-painful 'normal' phantom limb sensation, is assumed to be based on maladaptive reorganizational changes within the neural networks. 38 Interestingly, the representation of hand movement remains intact in upper limb amputees, while an extensive reorganization of adjacent motor areas becomes apparent and might be involved in the preservation of phantom sensations. 39 PET/functional MRI studies in amputees with phantom limb pain able to perform controlled virtual movements confirms the preservation of corresponding sensory-motor areas, as well as pain-processing networks (thalamus, anterior and posterior cingulated cortex). 40, 41 Accordingly, Karl et al. 42 showed that nonpainful phantom sensations, as well as residual limb sensation were unrelated to motor cortical reorganization in contrast to phantom limb pain. The extent of cortical reorganization was reduced with intensified upper limb training (as measured by the amount of time amputees used the prosthetic devices), which potentially indicates a positive effect of limb activity on phantom limb pain. In both amputees and SCI patients, the ability to command motor function in limbs being physically lost (amputees) or completely disconnected (complete SCI) remains intact, 43 even after long-lasting (several years of complete SCI) nonuse of the lower limbs. 44 The patients often feel they have full motor control over the limb (opening and closing, positioning, movement), which to some extent can be objectively measured by neuropsychological testing and be shown to induce a specific activation pattern of the brain (for example, functional MRI studies). [45] [46] [47] Although the involved circuits have not been delineated with sufficient preciseness, supernumerary phantom limb sensations are similarly associated with changes in the brain.
The phenomenon has been mainly observed after brain damage by stroke or traumatic brain injury. Halligan et al. 3 described a case of supernumerary phantom limb with a severe left hemiplegia, sensory loss, hemianopia and neglect after a hematoma within right basal ganglia. One hypothesis suggested that the supernumerary phantom was a direct result of brain damage in the somatosensory areas and adjacent parietal cortex. As a second hypothesis, the authors discussed the phenomenal experience of the phantom as mediating the way the patient comes to represent the effects of hemiplegia. 3 A functional MRI study in a stroke patient with a complete hemiplegic-anesthetic upper limb, but supernumerary limb revealed regular activation of the primary sensory-motor cortex areas during imagination of the movement of real and phantom hand. 48 The mismatch between a central (cortical) movement sensation and compromised thalamocortical feedback loops for the correction between an expected and effective movement has been considered as a basic neurophysiological mechanism underlying phantom limbs.
Course and treatment of phantom and supernumerary limbs
The duration of supernumerary phantoms is clinically unpredictable (persistence varies from months to several years). In the present case, the temporal relation between neurological recovery and eventual ceasing of the supernumerary phantoms is not actually indicating a direct causal relationship. In SCI patients, standardized and internationally recognized treatment protocols are not yet available to appropriately follow phantom sensations. Based on the postulations that maladaptive processes within the neural network (neuromatrix) could be underlying the development of phantom pain, different strategies aiming to normalize the cortical organization have been applied. Visuomotor training (8 weeks) in a cohort of three patients after upper limb amputation and the emergence of phantom limb sensation showed a normalization of the contralateral M1 sensory-motor activation (assessed by functional MRI), paralleled by a reduction of pain (two out of three patients showed a VAS reduction), in comparison to a non-responding patient (that is, no change in VAS), who demonstrated no normalization of the cortical activation pattern. 49 However, in a recent study applying movement imagery in complete thoracic SCI patients, pain or non-painful phantom sensation became either increased or induced for the first time, and such interventions potentially bear the risk of severe adverse events. 50 
RHI paradigm
The RHI paradigm, to our knowledge applied for the first time in a patient with SCI, may prove useful for monitoring the course of supernumerary phantom limb sensations. Against the background of the patient's central cord syndrome, we predicted a diminished integration of proprioceptive, tactile and visual information, that is, elevated illusion susceptibility. This hypothesis was borne out in initial testing, during which time upper extremities motor score values were still close to zero. Interestingly, the standard induction procedure of the illusion elicited vivid supernumerary phantom limb sensations in a body posture that was not associated with spontaneous supernumerary limbs (that is, sitting). The perceived position of the phantom did not coincide spatially with the rubber hand, indicating that vision did not 'capture' tactile sensation. This is in line with the patient's report that looking at his paralyzed limbs (or the place where the phantom was perceived) did not interfere with proprioceptive or postural impressions. On second testing (upper extremities motor score around 30), the patient indicated a RHI according to the critical questionnaire items ('It seemed as if I were feeling the touch of the paintbrush in the location where I saw the rubber hand touched'; 'It seemed as though the touch I felt was caused by the paintbrush touching the rubber hand'; 'I felt as if the rubber hand were my hand'). However, no proprioceptive drift was found towards the rubber hand. This again is compatible with the finding that visual input was ineffective in changing the patient's spontaneously occurring phantom limb percept. To summarize, although prospective SCI studies with the RHI paradigm are clearly needed, this procedure could be valuable in disentangling and quantifying the most deficient components of limb awareness (tactile, proprioceptive and visual) and their interactions.
Conclusion
In SCI patients, manifold changes in sensory function can be observed (negative and positive symptoms) and although the emergence of phantom sensations with or without pain are well appreciated, supernumerary phantom limbs have been rarely reported. Although the clinical relevance of the latter phenomena is rather unclear, it might be worthwhile to take notice of these symptoms in order to be responsive to these and other potentially strange and complex sensory complaints by patients.
